Giant cell tumor of bone (GCT) is a bone tumor consisting of numerous multinucleated osteoclastic giant cells involved in bone resorption and neoplastic osteoblast-like stromal cells responsible for tumor growth. The tumor occasionally metastasizes to the lung; however, factors leading to metastasis in this tumor are unknown. The TWIST-1 protein (also referred to as TWIST) has been suggested to be involved in epithelial-mesenchymal transition (EMT) and tumor progression in some cancers. In this study we investigated the functional role of TWIST in GCT cell angiogenesis and migration. Overexpression of TWIST in neoplastic GCT stromal cells significantly increased mRNA and protein expression of VEGF and VEGFR1 in vitro, whereas knockdown of TWIST resulted in decreased VEGF and VEGFR1 expression. A stable cell line with TWIST overexpression resulted in features of EMT including increased cell migration and downregulation of E-cadherin. The results of our study indicate that TWIST may play an important role in angiogenesis and cell migration in GCT.
Introduction
Giant cell tumor of bone (GCT) is an aggressive bone tumor characterized by the presence of an abundance of reactive multinucleated giant cells surrounded by mesenchymal stromal cells. To date, the oncogenesis of GCT remains unknown as the neoplastic stromal cells appear to be preosteoblastic cells that do not undergo terminal osteoblastic differentiation [1] [2] [3] [4] . GCT is a highly vascular tumor and in several cases metastasizes to the lungs [2, 5, 6] .
Bone tumors recruit new blood vessels from preexisting vessels of the host through factors secreted from either the tumor itself or the surrounding stromal cells [7, 8] . Tumor growth is dependent upon the growth of these new blood vessels. Angiogenesis is the process of developing new capillaries from the existing circulation via a complex multistep system regulated by a delicate balance between various angiogenic inhibitors and activators [9] . Activators of angiogenesis include growth factors, such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and hypoxic conditions that activate hypoxia-inducible factor-1 (HIF-1) which in turn upregulate angiogenic proteins as well as angiogenic oncogenes [9] .
The transcription factor TWIST is known to induce an embryonic event termed epithelial-mesenchymal transition (EMT) in tumor cells [10] . EMT is a process initially observed in embryonic development in which the cells lose epithelial cell properties and gain mesenchymal cells characteristics [11] . In hepatocellular carcinoma, TWIST overexpression has been shown to induce angiogenesis, inhibit apoptosis, and increase tumor aggressiveness [12] .
Previous work in our lab has shown that TWIST is overexpressed at the transcription level in GCT patient specimens [13] . In the present study we expanded these results and reported that TWIST upregulates angiogenic factors and subsequent cell migration in GCT. Thus, TWIST acts as an upstream regulator of the angiogenic and migration associated aggressiveness of this bone tumor.
Materials and Methods

Primary Cell Lines Culture.
We established primary cell cultures of GCT stromal tumor cells from fresh GCT tissue obtained from three patients following ethics board approval and patient consent. The tissue was processed and maintained in DMEM containing 10% FBS, 2 mM glutamine, and 2 Advances in Biology 100 U/mL antibiotics. The resulting cell suspension together with macerated tissue was cultured at 37 ∘ C in humidified air with 5% CO 2 . Following several successive passages, the mesenchymal stromal cells became the homogeneous cell type, whereas the multinucleated giant cells were eliminated from culture.
Plasmids Construction and Transfection.
A TWIST open reading frame was amplified by PCR from a cDNA TWIST clone (Origene, Rockville, MD) using oligonucleotides cgcggatccgcgatgatgcaggacgtgtcc and ccggaattccggctagtgggacgcgacat, containing BamHI and EcoRI restriction sites, respectively. After BamHI and EcoRI digestion, the open reading frame was ligated into a pcDNA3.1 vector into TWIST plasmids.
GCT cells were transfected using an electroporation method [13, 14] . Briefly, cells were trypsinized and washed with PBS and resuspended into 1 mL FBS free media with 35 g of TWIST plasmid. Cells with TWIST plasmid mixture were electroporated using the Gene Pulser II electroporation apparatus (Bio-Rad) with optimized combinations of voltage and capacitance. The cells were then plated in 10 cm Petri dishes with supplemented DMEM. After 48 h posttransfection, cells were harvested for RNA isolation.
siRNA Transfection.
Mesenchymal stromal cells of GCT were trypsinized and transfected with TWIST small interfering RNAs (siRNAs) via electroporation. Stromal cells of GCT were washed and resuspended in Optimem reduced serum media (Gibco, Invitrogen, Canada). Subsequently, the cell suspension was mixed with either 200 nM of TWIST siRNA (Invitrogen), a positive Silencer GAPDH siRNA control, or a nonspecific negative control (Ambion Inc.). Stromal cells with the siRNA mixture were electroporated using the Gene Pulser II electroporation apparatus (Bio-Rad Laboratories) under a single-pulse protocol with optimized combination of voltage and capacitance. Cells were then plated in 10 cm cell culture dishes with supplemental DMEM. After 48 h of transfection, cells were harvested for RNA isolation. RPS18 was selected among other housekeeping genes for normalization in real time PCR analysis and GAPDH was used as a positive siRNA control. Table 1 .
RNA
Migration Assays.
Migration assays were performed as described earlier [15] . Briefly, an equal number (1 × 10 5 ) of GCT empty vector-transfected cells and TWIST transfected cells (GCTT) were resuspended in serum-free medium and plated in the top compartment of a standard 8 m pore BD falcon cell culture insert. Bottom wells were filled with 5% serum medium. Following a 24 h period of invasion at 37 ∘ C, invaded cells to the bottom wells were detached with cell detachment buffer, lysed, and stained with crystal violet dye. Dyed cells were counted using a light microscope.
2.7.
Wound Closure Assay. Cells were grown in 35 mm culture plates (Falcon) to 70-80% confluent level in DMEM medium containing 10% fetal bovine serum. Multiple uniform streaks (∼50 m width) were made on the monolayer culture with 100 L pipette tips. Streaked plates were immediately washed with DMEM medium with 10% FBS to remove detached cells. Mitomycin (5 g/mL; Sigma) was used in the medium to inhibit proliferation of GCT cells for determination of the cell migration. Cell migration was monitored for 24 h, and pictures were taken at 0 h and 24 h time points with a digital camera attached to an inverted microscope. Six to eight fields were analyzed, and the mean percentage of wound distance covered by cells was calculated. The distance of wound width was expressed in microns before and after migration.
Western
Blotting. Cytoplasmic fractions were isolated from these transfected cells by scraping after 24 h of incubation and then centrifuged for 5 min. The cells were lysed with NP-40 containing lysis buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 5 mM MgCl 2 , and 0.5% NP-40) to disrupt the cell membrane and then the cell lysate was centrifuged at 500 g for 5 min at 4 ∘ C. The supernatant (cytoplasmic fraction) was removed and the pellet (nuclear fraction) was resuspended in NP-40 containing cell lysis buffer. Proteins were denatured by boiling in sample buffer, separated on 12% SDS-PAGE, transferred onto the PVDF membrane (Immobilon TM-PSQ, Millipore), and blocked overnight in 5% nonfat powdered milk in TBST (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% (v/v) Tween-20). The membrane was incubated in primary mouse anti-MMP2 antibody (1 : 1000, Calbiochem), mouse anti-TWIST, (1 : 1000, Abcam), E-cadherin (1 : 700, Santa Cruz), and VEGF (1 : 1000, Millipore) overnight at 4 ∘ C. Following membrane washes in 1X TBS-T, the membrane was incubated in the HRP-conjugated secondary anti-mouse antibody (1 : 10,000, Promega) for 1 hour at RT followed by protein visualization on audioradiography film. 
Results
Overexpression of TWIST Activates the Expression of Angiogenic Factors.
In order to determine whether TWIST plays a role in angiogenesis through VEGF expression in GCT stromal cells, we generated 3 stable TWIST overexpressing cell lines (GCTT1 and GCTT2 and GCTT3) from three different patient specimens using a TWIST-pcDNA3.1 construct and compared them to pcDNA3.1 empty vector. Quantitative real time PCR showed that overexpression of TWIST significantly increased the mRNA expression of VEGF and VEGFR1 in GCT stromal cells (Figure 1(a) , < 0.05). These results were confirmed by western blot analysis showing an increase in protein expression (Figure 1(b) ).
Suppression of Angiogenic Factors in Response to TWIST
Knockdown. TWIST siRNA was used to knockdown TWIST expression in GCT stromal cells. Quantitative RT-PCR revealed that knockdown of TWIST resulted in a significant decrease in VEGF and VEGFR1 expression in GCT stromal cells (Figure 2(a) , < 0.01). GAPDH siRNA was used as a positive control to determine transfection efficiency. GAPDH mRNA was reduced to approximately 70% of the original expression level when treated with GAPDH siRNA but was found unaffected when treated with random and TWIST siRNA (data not shown). Western blot analysis confirmed decreased protein expression of VEGF with TWIST knockdown (Figure 2(b) ).
TWIST Induces EMT in GCT Stromal
Cells. We next explored the relationship between TWIST and epithelialmesenchymal transition (EMT) in GCT stromal cells. EMT is an important mechanism associated with cancer invasiveness and metastasis [10, 16] . It is a process characterized by loss of cell adhesion, repression of E-cadherin expression, and increased cell motility. To determine the role of TWIST in invasiveness and metastasis of GCT, we generated TWIST overexpressing GCT cell lines using a TWIST-pcDNA3.1 construct. We observed that overexpression of TWIST significantly decreased the expression of E-cadherin (an epithelial marker) and increased the expression of fibronectin (an extracellular matrix protein) and MMP-2 (EMT mediator) at the mRNA expression and protein levels in GCT stromal cells (Figures 3(a) and 3(b) ). As expected, knockdown of TWIST in the GCT stromal cells induced E-cadherin expression as shown in both quantitative real time PCR and western blot analysis (Figures 3(c) and 3(d) ). We further examined the subcellular localization of E-cadherin in the TWIST-depleted GCT stromal cells compared to the untransfected GCT cells. We observed that the E-cadherin expression in untransfected cells (GCT-UT) was faint and diffused throughout the cell; however, TWIST knockdown resulted in more localized and dense staining of E-cadherin on the surface of the cell where it would be expected to be functionally active (Figure 3(e) ).
TWIST Promotes Migration in GCT Stromal Cells.
To examine whether overexpression of TWIST promotes migratory activity in GCT stromal cells, cell wound-healing and migration assays were performed using untransfected (UT) and TWIST transfected (GCTT) GCT stromal cell lines. The wound-healing assay showed significantly faster cell movement in GCTT than in the UT control group (Figure 4(a) ). Overexpression of TWIST increased the migratory ability of GCT cells by nearly twofold when compared to untransfected cells ( < 0.01) (Figure 4(b) ). The pattern was consistent across both GCT cell lines studied.
We further studied the migratory potential of cells using Boyden's chamber assay. Cells were seeded into the transwell insert and migrated through pores of the membrane at the bottom of insert with 5% FBS gradient over the period of 24 h incubation. Migrated stained cells were counted and represented graphically (Figure 4(c) ). We observed an increase of over 200% in migration in the TWIST transfected (GCTT) cells when compared to the control GCT transfected with the empty vector (GCT-EV) (Figure 4(d) ).
Discussion
GCT is a highly vascular and locally invasive tumor with metastatic potential [17] [18] [19] . In this study we investigated an important but previously unreported signaling pathway that regulates angiogenesis and EMT in GCT. We observed that TWIST regulates the expression of angiogenic factors by the tumor cells and also regulates EMT features such as Ecadherin expression and cell migration. Previous work in our lab reported that TWIST, a master osteogenic regulator, was highly expressed in all GCT specimens examined [13, 14] . TWIST is a basic helix-loop-helix (bHLH) protein that plays a central role not only in EMT but also in cell type determination and differentiation and has been shown to regulate early osteogenesis [20] . TWIST has been shown to regulate EMT indirectly through binding to the E-cadherin promoter and suppressing transcription [16, 21, 22] . Here we found that, in GCT cells, TWIST indeed regulates E-cadherin expression and increases the migration of the tumor cells. Thus, although TWIST may have a role in the osteoblastic differentiation of the tumor cells in GCT, it is also likely to play a role in the aggressive characteristics of the tumor cells.
TWIST overexpression in an MCF-7 xenograft in vivo breast cancer model has been shown to increase tumor growth and angiogenesis [23] . We considered the possibility that overexpression of TWIST results in downstream angiogenesis and blood vessel recruitment in GCT. TWIST expression in both nuclei and cytoplasm of GCT osteoblastic [24, 25] . It has been reported that higher expression of VEGF is associated with the aggressiveness of the GCT tumor [17] . We also observed an increase in VEGF and VEGFR1 expression with overexpression of TWIST, whereas knockdown of TWIST expression resulted in decreased expression of these angiogenic factors. These findings indicate that TWIST plays an upstream role in angiogenesis in GCT.
Others have reported that the mechanism by which TWIST promotes tumor invasion and metastasis is likely Advances in Biology 7 to be via the inhibition of E-cadherin and increased cell migration [10, 26] . We observed that overexpression of TWIST in GCT transfected cells indeed resulted in EMT changes such as suppression of E-cadherin expression and increased fibronectin expression. Fibronectin plays a key role in the tissue remodeling and cell migration events that occur during normal embryonic development and adult wound-healing. Fibroblasts secrete proteases, including matrix metalloproteinases (MMPs). MMPs act as critical mediators of the EMT process, which stimulates cell proliferation, cell migration, and cell morphological alternation [17, 24, 25] . We further observed that ectopic TWIST overexpression activates the MMP-2 expression at transcript and protein levels which indicates that MMPs could stimulate intrinsic cancer cells and stroma cell responses to tumor malignancy.
Moreover, knockdown of TWIST expression inhibited cell migration in an in vitro assay and accordingly induced E-cadherin expression. Moreover, knockdown of TWIST expression inhibited cell migration and also induced Ecadherin expression. We further performed wound-healing and transwell insert chamber assays to examine the effect of TWIST on metastasis potential. Our results clearly demonstrate that TWIST overexpression in GCT cells induced cell migration in vitro. Suppression of TWIST expression in highly metastatic mammary carcinoma cells specifically inhibits its metastatic ability [10, 27] ; therefore, the role that TWIST plays in GCT cell migration and angiogenesis may indicate its involvement in tumor metastasis.
In summary, we have demonstrated that TWIST promotes tumor angiogenic factor expression and suppression of E-cadherin expression. TWIST, therefore, regulates processes promoting tumor growth such as EMT, migration, angiogenesis, and possibly metastasis. Such coordinated regulation of tumor growth and metastasis warrants consideration for the development of therapeutic targeted intervention.
Conclusion
In this study, an important but previously unreported signaling pathway that regulates angiogenesis and EMT in GCT was investigated. We observed that, in GCT stromal cells, TWIST regulates the expression of the angiogenic factor VEGF and the EMT biomarker E-cadherin, as well as cell migration. TWIST has been shown to regulate EMT indirectly through binding to the E-cadherin promoter and suppressing transcription in breast cancer cells. Therefore the high expression of TWIST in GCT may result in downstream angiogenesis and blood vessel recruitment as well as cell migration, both markers of tumor aggressiveness.
TWIST promotes tumor angiogenic factor expression and suppression of E-cadherin expression in GCT stromal cells. TWIST, therefore, regulates processes promoting tumor growth such as EMT, migration, angiogenesis, and possibly metastasis. Such coordinated regulation of tumor growth and metastasis warrants consideration for the development of therapeutic targeted intervention.
